Bridge scour is a major factor causing instability of bridges crossing waterways. Excessive scour contributes to their high construction and maintenance costs. Design of innovative scour-monitoring instrumentation is essential to ensure the safety of scour-critical bridges. The ability of real-time surveillance is important since the most severe scour typically happens near the peak flood discharge. A new scour-monitoring instrument based on the Time Domain Reflectometry (TDR) principle has been developed to provide real-time monitoring of scour evolution. A framework based on dielectric mixing model has been developed, which can be easily incorporated into an automatic analysis algorithm. This paper introduces a comparative study of TDR method and ultrasonic method for scour measurements. The results indicate that both TDR and ultrasonic methods can accurately estimate scour depth. TDR method, with the developed analysis algorithm, yields information on the river properties such as the electrical conductivity of river water and the density of sediments. TDR methods are also found less influenced by turbulence and air bubbles, both likely to occur during flood events.
Introduction
Bridge scour or bridge sediments scour refers to the lowering of the streambed around bridge piers or abutments. Typical types of scour include: (1) long-term degradation of the river bed, (2) general scour including contraction scour, and (3) local scour at the piers or abutments [4] . Among these types of scour, local scour is the most critical ( Figure 1 ). Local scour is caused by the interference of piers and abutments with stream flow. It is characterized by the formation of scour holes surrounding bridge piers or abutments, and as a result, the support provided by the surrounding soils will be reduced.
Bridge scour poses a severe threat to bridge safety. Since 1970 over 1,000 bridges have collapsed with associated deaths due to bridge scour. Bridge scour is also a major factor contributing to the high construction and maintenance cost of bridges. Proper scour prediction is essential for an economical and safe design of bridge piers and abutments. Current scour design relies on the empirical scour prediction equations developed from laboratory data, which generally do not accurately predict the scour under field conditions [5] . This necessitates collecting scour data from the field to improve current scour prediction theory. Because scour can cause catastrophic failure of bridges without any prior warning such as signs of distress in the superstructure, realtime scour-monitoring systems are critical for providing realtime safety surveillance.
There are a few methods currently available for field scour measurements including yardstick, ultrasonic method, ground penetration radar, and fisher bulb [6] . Each method has shortcomings including: (1) most of the instrumentation is not sufficiently rugged for field applications. (2) most of these methods do not provide real-time monitoring of scour evolution in critical flood events. (3) these instruments are generally not automated requiring an appreciable amount of human involvement for signal interpretation [7] .
Instruments based on Time Domain Reflectometry (TDR) overcome these shortcomings and have been used to monitor bridge scour. The potential use of TDR for bridge scour measurement has been explored by a few researchers. Dowding and Pierce [2] developed a TDR
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scour detection system that utilized small turbines installed along an electrical cable. The turbines would be successively exposed as scour developed. The torque generated by the turbine blades causes the shearing of cable, which can be detected by TDR method, and the scour depth is then estimated (Figure 2(a) ). This system is not reusable due to the sacrificial characteristics of the detection cable. Yankielun and Zabilansky [3] also developed a TDR sensor by use of multiple steel pipes. Field evaluation showed that this probe was sufficiently rugged to resist floods and ice loading (Figure 2(b) ). The major shortcoming of their design is that the two steel pipes were electrically shorted at the ends, which makes it difficult to develop an automatic signal interpretation algorithm. Efforts were made to improve signal analyses and with limited success [7] .
The authors recently developed a new method of TDR scour signal analysis, which significantly simplifies the procedures of data processing and makes it possible to develop an automatic real-time scour surveillance system [8] . This paper briefly summarizes the principles of this TDR scour measurement system. Ultrasonic method has been chosen for comparison as it is currently the most popular fixed scour-monitoring device according to the survey conducted by Hunt [6] . In this study, the performance of TDR is compared with ultrasonic methods under laboratory simulated scour/sedimentation conditions. The TDR method was found to have accuracy equivalent to the ultrasonic method for scour depth determination. The TDR method has the advantage of being less influenced by factors such as air bubbles and suspended sediments which are likely to form due to turbulent flow conditions during floods.
Principles of Time Domain Reflectometry and Ultrasonic Method

Time Domain Reflectometry.
Time Domain Reflectometry (TDR) technology was first utilized by electrical engineers to locate discontinuities in electrical cables. The application was later extended to measure material dielectric properties. The configuration of a typical TDR system is shown in Figure 3 . It generally includes a TDR device (pulse generator and sampler), a connection cable, and a measurement probe. The measurement probe is surrounded by the materials whose properties are to be measured. TDR works by sending a fast rising step pulse or impulse to the measurement probe and measuring the reflections due to the change of system geometry or material dielectric permittivity. A commercial TDR unit TDR100 by Campbell Scientific Inc. was used as the pulse generator and sampler. The device can generate a pulse output with a rising time of less than 300 picoseconds, amplitude of 250 mV, and duration of 14 microseconds. The probe used was the CS605 TDR moisture probe which consists of 3 rods, each 30 cm in length and 0.48 cm in diameter, with spacing between the outer rods of 4.5 cm [9] . The probe was connected to the TDR 100 by a 14 ft long RG58 coaxial cable. Figure 4 shows a typical measured TDR signal when the probe is installed in a uniform soil. The dielectric constant (which is generally referred to as apparent dielectric constant and is denoted as K a in this paper) and the electrical conductivity (denoted as EC b in this paper) can generally be easily obtained from direct analysis of a TDR signal. The dielectric constant is related to the speed of electromagnetic waves in soils. The electrical conductivity is related to the rate of attenuation of the propagating electromagnetic wave. The dielectric constant is calculated by
where K a is the measured dielectric constant; L p is the physical length of probe embedded in soil; L a is called the apparent length as shown in Figure 4 . TDR measured dielectric constant is strongly related to the water content of soils, and various empirical relationships have been established to describe the correlation. Topp's equation (i.e., (2)) was developed from experiments on various types of cohesionless soils and is generally referred to as a "universal" equation:
where θ is volumetric water content defined as percentage of the total volume that is occupied by water. The electrical conductivity is calculated by
where V s is the source voltage. V f is the long-term voltage level. C is a constant related to probe configuration, which can be obtained by theoretical analysis or by calibration against a reference technology such as an electrical conductivity meter. The ability of TDR for scour-monitoring lies in the large contrast between the dielectric constant of water (around 81) and that of the air (1) constant for dry solids is between 3 and 7; that of saturated solids varies depending on the degree of saturation). Because of the large contrast in the dielectric properties, reflections will take place at the interfaces between material layers with different dielectric properties (including the air/water interface and the water/sediment interface) ( Figure 5 ).
Ultrasonic Method.
The configuration of a typical ultrasonic testing system is shown in Figure 6 . The ultrasonic system used in this study includes the following components: a pulse generator by Panametrics-NDT Inc. (Pico Technology Ltd, St. Neots, United Kingdom). The ultrasonic system is set to work in the pulse-echo mode, where a single ultrasonic transducer serves as both transmitter and receiver. In the pulse-echo system, the transmitting transducer introduces a wide-band acoustic signal into the test object. The pulse propagates in the material and is scattered or reflected by the interfaces or inhomogeneities within the object. Because of the large contrast in acoustic impedance, the interface between water and sediment will cause a large amount of acoustic energy to be scattered or reflected. The reflections are picked by the receiving ultrasonic transducer. The returning signal can be displayed as a plot of amplitude versus time (referred to as A-scan). The depth of scour can be determined by determining the transit time required for receiving the echo reflections. A typical signal recorded during application of the ultrasonic method for scour measurement is shown in Figure 7 . There are a few recent developments in ultrasonic technology, including a new testing method called direct-sequence, spreadspectrum, ultrasonic evaluation (DSSSUE), which is believed to have higher sensitivity and larger scan area compared with the traditional method. Details about ultrasound methods can be found in the work of Rens et al. [10] .
Theory and Application Procedures of TDR Scour Detection System
Directly identifying the intermediate reflections at scour interface from a TDR signal can be very challenging. To overcome this difficulty, a new algorithm for TDR scour measurement has been developed by the authors of [8, 11] . It utilizes the information of dielectric constant and electrical conductivity, which can easily be obtained from analyzing a TDR signal. The principles of this system are briefly described in the following context.
Development and Validation of Mixing Formula for Bulk
Dielectric Constant. Applying the semiempirical volumetric mixing model [12] to layered media consisting of water and sediment, the following equation can be obtained:
where K a,w is the dielectric constant of water; K a,bs is the dielectric constant of bulk sand (sand with water mixture); K a,m is the measured bulk dielectric constant; L 1 , L 2 , and L are the thickness, of water layer, sand layer and the total thickness respectively ( Figure 5 ). Let the thickness of sediment L 2 be x, then the thickness of water layer L 1 is L-x. Substituting these into (4) and normalizing both sides by K a,w , the following equation can be obtained:
The equation indicates that square root of the measured bulk dielectric constant by TDR is linearly related to sediment layer thickness. The process of normalization also helps to reduce the potential effects of the measurements system on the results. On the other hand, when the scour depth is determined, the dielectric constant of bulk sediment layer, K a,bs can be determined as follows:
This can then be used to estimate the soil porosity and density using Topp's equation (2). Figure 8 shows the measured K a,m / K a,w ratio versus sediment thickness from experimental data on fine sand in tap water. Also shown in Figure 8 are theoretical predictions, where K a,bs was estimated from Topp's equation using the density of sand layers from experimental records. The comparison shows that (5), which is based on the dielectric mixing formula, is valid for studying the layered scour/sedimentation process. As an additional comment, the dielectric constant of saturated sediment can also be estimated using a volumetric mixing model [12] :
where K a,bs is the dielectric constant of the saturated sand; K a,w is the dielectric constant of water; n is porosity and K a,s is the dielectric constant of soil solid, typically in the range of 3-5 (an average value of 4 is used for K a,s in this study).
Development and Validation of Mixing Formula for
Electrical Conductivity. Similarly, for a two-layered system made of water and saturated sediment, the mixing formula for electrical conductivity was found to be [8, 11] 
where EC b,w is the electrical conductivity of water; EC b,bs is the electrical conductivity of sand layer (sediment); EC b,m is the measured bulk electrical conductivity; L 1 is the thickness of water layer, and L 2 is the thickness of sediment; L is the total thickness. Equation (8) can be normalized by dividing both sides by EC b,w , that is,
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where f is form factor, a value of 1.2 for f was recommended for fine sand such as Nevada sand; n is the porosity. Substituting (10) to (9), we get
Equation (11) shows that the measured electric conductivity normalized by the electric conductivity of water is approximately linearly related to the sediment thickness. Figure 9 compares (11) with experimental measurements. The comparison indicates that the mixing formula for the electrical conductivity of sediment system is valid. 
Design Plot and Application Procedures of TDR for Bridge
Scour Measurement. Procedures to apply the TDR algorithm were recently developed by the authors of [8, 11] . They are based on two general linear relationships determined from experimental data collected on a few types of sediments (e.g., Figures 10(a) and 10(b)),
where x r is the ratio of sand layer thickness to the total thickness. a, b, c, and d are coefficients that are dependent upon local geological conditions. The other symbols bear similar meaning as in the previous context. Considering the dielectric constant of water is not significantly affected by the electrical conductivity under common application conditions [14] . The following procedures can be taken to determine the scour depth and sediment properties.
(1) Obtaining the calibration constants for (12) from simulated laboratory experiments or from the field data with known scour depth (step 0). (2) Determining the bulk dielectric constant, K a,m, from measured TDR signal (step 1, Figure 11 ). (3) Determining the ratio of sediment layer to TDR probe length, x (step 2, Figure 11 ). (4) Estimating the scour depth, S D, from x r (step 3, Figure 11 ).
A schematic plot of this procedure is shown in Figure 11 .
Theory and Application Procedure of the Ultrasonic Method for Scour Detection
Ultrasonic waves are reflected at boundaries where there is a difference in the acoustic impedances of materials on either side of the boundary. The difference in acoustic impedance is commonly referred to as impedance mismatch. Generally the greater the impedance mismatch, the greater the percentage of energy that will be reflected at the interface or boundary between one medium and another. The reflection coefficient is given as
where Z 1 and Z 2 are acoustic impedance of materials on either side of a boundary. The acoustic impedance (Z) of a material is defined as the product of density (ρ) and acoustic velocity (V ) of that material.
The application of ultrasonic method for scour detection is based on determining the time required for receiving the echo signal reflected from the water/sediment interface. The speed of a compression wave in water is 1482 m/s at 20
• C, which corresponds to 1450 × 10 2 g/cm 2 /s for the acoustic impedance. The acoustic impedance ranges from 2000∼ 4000 × 10 2 g/cm 2 /s for silty clay to sandy gravel Hamilton [15] . As a result, the difference in acoustic impedance will cause appreciable reflections at the water/sediment interface. The location of the interface, which is a direct measure of scour depth, can be determined by analyzing the recorded ultrasonic signals. Figure 12 shows the experimental design for this study. Simulated scour/sedimentation tests were conducted in a cylindrical tank. The TDR probe was installed in the tank to acquire signals as sediments are added. Sediment materials were simulated by fine sand, coarse sand, and a mixture of coarse sand and gravel. The river conditions were simulated by controlling the electrical conductivity of water. The tank was first filled with water with specified salt concentration. Dry sediment material was then gradually poured into the tank. The water level was maintained constant by draining appropriate amount of water through the base of the tank. At each specified sand layer thickness, the amount of sand placed was recorded and used to calculate the density along with a TDR signal. For comparison of TDR and ultrasonic methods, both the ultrasonic sensor and the TDR sensor were installed and connected to their respective electronics. The simulated sediment material consists of a mixture of coarse sand and gravel at 1 : 1 mass ratio. The tank was first filled with water of 500 ppm Sodium Chloride (NaCl) salt concentration to a level just below the probe head. TDR and ultrasonic signals were obtained for each depth of the sediment deposit. This process proceeded until the mixture completely filled the tank. Step 1: Determining the bulk dielectric constant K a,m from TDR signal
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Step 2: Determining the ratio of sand layer/probe length from design equation
Step 3: Calculating scour depth
Step 0: Obtaining the calibration constants a and b for (12) from laboratory simulated experiments 
Experiment Results and Analysis.
The analysis of TDR signals followed the procedures outlined in the earlier part of this paper. The scour depths were directly estimated from the measured apparent dielectric constant. This constant was also used to estimate the dielectric constant of the sediment, from which the porosity and density were determined. The electrical conductivity measured from the same TDR signal was used to estimate the electrical conductivity of the water.
The analyses of ultrasonic measurements were based on the determination of the travel time required for the reflected signals. As shown in Figure 13 (b), the travel time changes systematically with the distance to the water/sediment interface. The travel time was determined by picking the peaks in the recorded signal, representing the round trip travel time between ultrasonic transducer and surface of sediments. The distance of ultrasonic transducer to the surface of the sediment was then calculated by using the speed of ultrasonic wave in water.
Validation of the TDR Method.
The developed algorithm for the TDR scour measurement system is evaluated by performing simulated scour experiments using a few other different types of sediment materials under different river conditions. The actual depths of scour were manually measured with a precise ruler. The results are summarized in Figure 14 . The scour depth predicted by TDR algorithm described in this paper generally falls within ±1.5 cm of actual measured values. This maps to an accuracy of ±5% if normalized by the length of the TDR scour probe. The accuracy of guided EM wave TDR in determining the interface is not much affected by the length of the probe as long as the signal attenuation is prevented. This can be achieved with the use of a protective coating. It is anticipated that the relative error should reduce at longer TDR probe length. Figure 15 shows an example where both TDR and ultrasonic methods are applied simultaneously during a simulated test. The results of direct measurement are used as baseline reference. The sediment material is a mixture of gravel and sand.
Measurement Accuracy of TDR versus Ultrasonic Methods.
Two different equations are used for scour depth estimation by the TDR method. The first approach (denoted as TDR method (1) uses (5) which incorporates properties of a specific type of sediment. The second approach (denoted as TDR method (2) uses a general design equation (12) determined from a variety of sediment materials. A detailed comparison indicates that while results by either method should have sufficient accuracy for practical applications, the result of the TDR method 1 has slightly higher accuracy than that by those of method 2. There are two practical conclusions to be drawn from these observation: (1) A general equation format such as in (12) can be accurately applied for a wide range of sediment materials. (2) properties of local sediment materials can be used to refine (12) and thus further improve the accuracy of TDR scour predictions.
Comparison of the results of the TDR methods and the ultrasonic methods indicate that both methods can accurately estimate the scour depth but the trends of the change in the measurement accuracy are slightly different. Results from the TDR method are more accurate at larger scour depth. The ultrasonic method is more accurate for smaller scour depth. The observed increased accuracy of TDR is attributed to the improved accuracy in determining the reflection points for longer travel times. The observed trend of the change in the accuracy of the ultrasonic method is attributed to the fact that more attenuation and scattering of signal occur for longer distances. Comparatively, the higher measurement accuracy of the TDR methods with increasing scour depth is more desirable from a surveillance point of view since larger scour depths present a higher possibility of induced damage.
Sediment Density and Electrical Conductivity of Water by TDR.
The electrical conductivity of water can be estimated from TDR measurements using (13) . The results are shown in Figure 16 where they are compared with the direct measurement results obtained with an electrical conductivity meter. There is a reasonable match between the two.
The dry densities of sediments are estimated from TDR measurement according to step 5 of the application procedures previously described. In making the calculations, the dielectric constant of the soil solids K a,s is assumed to be 4, and the specific gravity of the soil solids is assumed to be 2.65. The results are shown in Figure 17 . Also shown in the figure is the dry density calculated from experimental records. The measured density of sediments by the TDR method closely matches that of the actual densities.
Effects of Turbulence Conditions on TDR and Ultrasonic
Methods. The flood process generally brings about turbulent river conditions with a significant amount of air bubbles and suspended sediments. Experiments were completed to investigate the effects of air bubbles and sediments on TDR and ultrasonic methods. Figure 18 shows a photograph of the testing setup where air bubbles were generated at the bottom of the testing tank. The rate of air bubble generation was controlled from low to high levels to investigate its effects. Visual presentations of its effects on TDR and ultrasonic signals are shown in Figure 19 . While air bubbles have negligible effects on the TDR signal quality, they show an important influence on the ultrasonic signals. The echo signal of the ultrasonic method is almost totally attenuated at high air bubble content. This is an important factor affecting C o a r s e s a n d i n t a p w a t e r C o a r s e s a n d i n 5 0 0 p p m N a C l s o l u t i o n W a s h e d c o a r s e s a n d i n 5 0 0 p p m N a C l s o l u t i o n F i n e s a n d i n t a p w a t e r F i n e s a n d i n 2 5 0 p p m N a C l s o l u t i o n F i n e s a n d i n 5 0 0 p p m N a C l s o l u t i o n F i n e s a n d i n 
Discussion
This study indicates that both the TDR and ultrasonic methods can provide accurate measurements of scour depth. TDR system is advantageous in that it is inexpensive and amenable to automation. These are desirable features for a real-time scour-monitoring and surveillance system. The ability of real-time surveillance is important since the most severe scour typically happens near the peak flood discharge. As sediments deposit in the scour hole during flood recession, post flood measurements might not truly describe the severity of the historical scour during the flooding process. The procedures introduced in this paper provide easy measurement of scour depth. Information about the sediment status (density) and water conditions (electrical conductivity) are obtained simultaneously. These could be used to enable a mechanistic understanding of scour phenomena. The accuracy of TDR can be affected by the electromagnetic interference and signal attenuation in the cable length. This requires careful planning for deployment of the system in the field. In addition, TDR sensors only measure scour at a given point. Multiple TDR probes will be needed to map the shape of the scour hole. A protective coating will be needed to prevent TDR wave signal attenuation for a long TDR scour probe. Potential ways to protect the TDR probe from impacts of debris, include to submerge the probe completely under the water, to place the TDR probe in locations that is less likely to be accessed by debris, and to use a strong supporting element. As mentioned in the introduction section of this paper, the TDR probe developed by Yankielun and Zabilansky [3] has been installed in the field for years and survived flood debris and ice loading. In the authors opinion, the potential impacts of debris can be reduced; however, such impacts might be hard to be completely prevented. The ultrasonic method is valuable for post-event scour measurements. It requires the ultrasonic transducer to be maintained below the water level and provide a local measurement. However, as it is a nonintrusive technology, ultrasonic transducers can be moved to determine the shape of river bed after scour event. The interpretation of ultrasonic signals can be challenging, especially for complex river beds. There could be a significant amount of background noise in the ultrasonic signal caused by air bubbles and suspended solids in the water, that severely affect the identification of the reflected signal.
Conclusion
This paper introduces a new scour measurement method based on TDR technology. This method is robust and utilizes simple analysis procedures. Preliminary results show that it provides accurate measurement of scour depth (sediment thickness), density of sediments, and electrical conductivity of river water. A comparative study of TDR and the ultrasonic method for scour measurements is also described. It is found that both TDR and ultrasonic methods can accurately measure the scour depth; however, more information about status of sediments and water can be obtained from TDR measurements. Experiments indicate that TDR is less influenced by turbulent conditions that result in suspended solids, air bubbles, and fast flowing water, which are typical of flood processes. TDR-monitoring systems are rugged and can provide real-time surveillance. The data they collect on scour evolution during major floods will help examine the various scour mechanisms. Ultrasonic methods, on the other hand, can be a useful tool to rapidly measure the scour contour. On-site monitoring with TDR method in conjunction with postflood survey with ultrasonic methods will enable accurate determination of the status of bridge scour during and post major flood events to help ensure the long-term safety of bridge structures. Acousticvelocity.
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